Abstract: The formationo fe ndohedral metallofullerenes (EMFs) in an electric arc is reported for the mixed-metal ScTi system utilizing methane as ar eactive gas.C omparison of these resultsw ith those from the Sc/CH 4 andT i/CH 4 systems as well as syntheses without methane revealed as trong mutual influence of all key components on the product distribution. Whereas am ethane atmosphere alone suppresses the formation of empty cage fullerenes, the Ti/CH 4 system forms mainly empty cage fullerenes. In contrast,t he main fullerene products in the Sc/CH 4 system are Sc 4 C 2 @C 80 (the most abundant EMF from this synthesis), Sc 3 C 2 @C 80 ,i somers of Sc 2 C 2 @C 82 ,a nd the family Sc 2 C 2 n (2 n = 74, 76, 82, 86, 90, etc.), as well as Sc 3 CH@C 80 .T he Sc-Ti/CH 4 system produces the mixed-metal Sc 2 TiC@C 2 n (2 n = 68, 78, 80) and Sc 2 TiC 2 @C 2 n (2 n = 80) clusterfullerene families. The molecular structures of the new,t ransition-metal-containing endohedral fullerenes, Sc 2 TiC@I h -C 80 ,S c 2 TiC@D 5h -C 80 ,a nd Sc 2 TiC 2 @I h -C 80 ,w ere characterizedb yN MR spectroscopy.T he structure of Sc 2 TiC@I h -C 80 was also determined by single-crystalX -ray diffraction, which demonstrated the presence of ashort Ti=C double bond. Both Sc 2 TiC-and Sc 2 TiC 2 -containing clusterfullerenes have Ti-localized LUMOs. Encapsulation of the redoxactive Ti ion inside the fullerene cage enables analysiso ft he cluster-cage strain in the endohedralf ullerenes through electrochemical measurements.
Introduction
Creating molecules with unprecedented structural, chemical, electronic,a nd magnetic properties is the main motivation behind the developments in the field of endohedral fullerenes (EMFs).I nt his class of molecules,c arbon cages of various sizes can encapsulate one, two,o rt hree metal atoms as well as complex clusters comprising of up to seven atoms.
[1] The vast majority of endohedral clusterfullerenes is based on Group III metals,i ncluding Sc,Y ,a nd lanthanides. In particular,S cp rovides the largest varietyo fc lusterfullerenes, such as nitrides (Sc 3 N@C 2 n (2n = 68, 70, 78-82) [2] ), carbidesw ith one or two interior carbon atoms (Sc 4 C@C 2 n (2n = 80, 82), [3] Sc 2 C 2 @C 2 n (2n = 72-88), [4] Sc 3 C 2 @C 80 , [5] Sc 4 C 2 @C 80 [6] ), carbohydrides (Sc 3 CH@C 80 , [7] Sc 4 C 2 H@C 80 [8] ), oxides( Sc 2 O@C 2 n (2n = 70-82), [9] Sc 4 O 2 @C 80 , [10] Sc 4 O 3 @C 80 [11] ), sulfides (Sc 2 S@C 2 n (2n = 70-82) [12] ), cyanide (Sc 3 CN@C 2 n (2n = 78, 80) [13] ), and even mixed carbidocyanide (Sc 3 C 2 CN@C 80 ). [14] Fullerenes are electro-active and form as pecial type of noninnocent p ligand for the metals inside. Yet, there are certain endohedrals pecies, which can exhibit their own redox activity in the potentialw indow of the carbon cage. [15] In this situation, the fullerenec age plays the role of an "electron-transparent" container that protects the endohedral charges tates from the environment. Thus, ac ombination of the stable carbon cage shielding the endohedral species from the environment with the encapsulation of the redox pair (be it ap articular metal or part of the cluster) presents the opportunity to change the properties of the EMF of interest. Although someG roup III metal clusterfullerenes exhibit an endohedralr edox activity due to the complex electronic structure of the cluster( e.g., Sc 3 N@I h -C 80 and its derivatives, [16] Sc 4 O 2 @I h -C 80 , [17] or Sc 3 CN@I h -C 80 [18] ), encapsulationofr edox-activemetal ions is an appealing approacht oc reate endohedrals with electrochemical activity. Transition metals, with their rich electrochemistry and variety of spin states, would be ideal fort he formation of new endo-hedral speciesf or electronically and magnetically tunable EMFs.
The number of structurally characterized EMFs that involve transition metals is quite limited. Group IV metals have been found to form EMFs in early laser ablation experiments (Ti@T d -C 28 being most famous, [19] and its formationm echanism has been recently disclosed [20] ). However,t he bulk synthesis of M IV -EMFs was delayed for almostadecade, until the reports on the arc-discharge synthesis and isolation of Ti 2 C 80 and three isomerso fT i 2 C 84 by Shinohara et al. [21] It was later determined that Ti 2 C 80 was actually ac arbide clusterfullerene, that is, Ti 2 C 2 @D 3h -C 78 .
[22] Another Ti-based clusterfullerene, namely, Ti 2 S@D 3h -C 78 ,w as obtained by Echegoyen et al. [23] Note that both Ti-based EMFs utilize the D 3h -C 78 cage. Hafnium was also reportedt oy ield small amounts of the EMFs Hf 2 C 80 and HfC 84 , but their structures have not been determinedy et. [24] Another strategy for the encapsulationo ft ransition metals within EMFs was first applied by Yang and coworkers. The process employedt he use of Group III metals (which readily form EMFs) as "templates" to create mixed-metal clusterfullerenes. When titanium was mixed with Sc or Y, the nitride clusterfullerenes TiM 2 N@I h -C 80 (M = Sc, Y) were obtainedw hen an itrogen atmosphere was involved in the arc synthesis.
[25] The first successfuls ynthesis of vanadium EMFs, that is, VSc 2 N@I h -C 80 and V 2 ScN@I h -C 80 ,u tilized as imilar strategy. [26] It is noteworthy that vanadium-containing EMFs are not formed through laser-ablation experiments. [27] By using the reactiveg as atmosphere method, we have discovered that aT i-lanthanides ystem formed as pecial type of m 3 -C carbidoc lusterfullerene featuring aT i =Cd ouble bond, M 2 TiC@I h -C 80 (M = Y, Nd, Gd, Dy,E r, Lu). [28] Such clusterfullerenes are formally isostructural and isoelectronic with the nitride clusterfullerenes M 2 ScN@I h -C 80 and can be synthesized with high selectivity when methane is added to the arc-dischargereactor atmosphere.
In this article, we explore the formation of endohedral metallofullerenes in the mixed-metal Sc-Tisystem by using the reactive gas method with methane and study their electrochemical properties. The mutual influence of the two metals in the synthesis of clusterfullerenes is studied. Finally,e lectrochemical studies reveal as ystematic dependence of the reduction potentials on the endohedralT i IV /Ti III redox couple in as eries of Ti-lanthanidec arbide clusterfullerenes. This is characteristic of the size of the lanthanide, which is interpreted as am anifestation of the inherent cage/cluster strain presentinmany clusterfullerenes.
Results and Discussion

Synthesis of EMFs
Methane was shown to be an efficient reactiveg as in the synthesis of endohedral metallofullerenes that suppressed the yield of empty cage fullerenes and produced carbide clusterfullerenes as the main fullerene products. [3, 28a] To obtain ac omplete overview on the influence of the individual metals, as eries of arc-discharges yntheses with Sc, Ti,a nd CH 4 was performed. The results are summarized in Figure 1a nd selected high-pressure liquid chromatography (HPLC) chromatograms of the raw CS 2 extracts are shown in Figure 2 .
When methane was used as ar eactive gas in the arc-discharge synthesis, no empty cage fullerenes were formed. However,o thers have reportedt he isolation of C 64 H 4 [29] and C 70 CH 2 [30] in somewhat different arc-discharge synthesesb y using methane. In the Sc/CH 4 system,t he main fullerene products are carbidec lusterfullerenes,i ncluding Sc 4 C 2 @C 80 (the most abundant EMF,r etention time t R = 32 min), Sc 3 C 2 @C 80 (t R = 39 min), isomerso fS c 2 C 2 @C 82 and the family Sc 2 C 2 n (2 n = 74, 76, 82, 86, 90, etc.), as well as Sc 3 CH@C 80 (see also Refs. [3] , [7b]). Some amounts of Sc 3 N@C 80 are also formed because of the presence of trace nitrogen in the generator.S urprisingly, ac ompletely different behavior was observedi nt he Ti/CH 4 system.I nstead of producing Ti-carbide EMFs, we found that Ti has as uppressing influence of CH 4 during the synthesis. As ar esult, the Ti/CH 4 system produced only empty cage ful- Figure 1 . Overview of the EMF synthesesc onditionsa nd resulting fullerenes (the amount of graphite and helium gas is constant for all syntheses). Initial conditions( metals and reactiveg as) are printed in red, the main fullerene products in black, and the minor fullerene products in blue. The mixed-metal Sc-Ti/CH 4 system was also examined. Figure 2s hows that in the mixed-metal system methane efficiently suppresses empty cage-fullerene formation.O ne of the major differences betweent he Sc/CH 4 and Sc-Ti/CH 4 systems is the decrease in the yield of Sc 4 C 2 @C 80 in the presence of Ti. Sc 4 C 2 @C 80 is the main EMF formed in the Sc/CH 4 synthesis, but it is am inor component in the Sc-Ti/CH 4 system. Another major difference involves the formation of as eries of mixedmetal Sc 2 TiC x clusterfullerenesw ith both even and odd numbers of carbon atoms.
The main fractions containing Sc 2 TiC x clusterfullerenes are marked with block letters in the chromatogram in Figure 2 Elucidation of the molecular structure of two isomerso f Sc 2 TiC 81 and Sc 2 TiC 82 was accomplished by 13 CNMR spectroscopy.S c 2 TiC 81 -I has ac haracteristic two-line spectrum, which unambiguously points to the freely rotating Sc 2 TiCc luster encapsulatedwithin the I h (7)-C 80 cage. Asimilar spectrum with slightly different chemical shifts was observed for Sc 2 TiC 82 ,w hich suggestst hat the compound can be formulated as Sc 2 TiC 2 @I h (7)-C 80 .T able 1c omparest he 13 Cc hemical shifts of the Sc clusterfullerenes with the I h -C 80 -cage. Sc 3 N@D 3h (5)-C 78 , [2a] and Sc 3 N@D 5h (6)-C 80 , [31] it is likely that they are Sc 2 TiC@D 3 (6140)-C 68 ,S c 2 TiC@D 3h (5)-C 78 (see also the UV/Vis spectra in Figure S7 in the Supporting Information), and Sc 2 TiC 2 @D 5h (6)-C 80 .
Attempts to observe the 13 CNMR signals of the internal carbon atoms for 13 C-enriched Sc 2 TiC@I h -C 80 and Sc 2 TiC 2 @I h -C 80 were not successful. 13 Cs atellites of the cage signals are clearly visible for Sc 2 TiC@I h -C 80 (Figure 3 ), which shows that the sensitivity of the measurement was sufficient for detection in cases [a] "C 5:6:6 "a nd "C 6:6:6 "d enotet wo types of carbon atoms in the I h -C 80 cage:C 5:6:6 (60 atoms)is on ap entagon/hexagon/hexagon junction, whereas C 6:6:6 (20 atoms) is on at riple hexagon junction. [b] "t.w." stands for "this work" with similar linewidths. We proposethat broadening of the resonanceo ft he internal carbon atom inhibited the detection as was observed previously for Sc 2 C 2 @C 3v -C 82 . [32] The 45 Sc NMR chemical shifts of Sc clusterfullerenes have been found to be quite characteristica nd sensitive to the EMF structurea ss hown in Figure 4a 45 Sc NMR spectrumo fS c 4 C 2 @I h -C 80 ,w hich was not reported before. The value is more positive( d = 373 ppm) than for other clusterfullerenes with the I h -C 80 cage. The 45 Sc NMR linewidth in Sc 2 TiC@I h -C 80 is similart ot hat in Sc 3 N@I h -C 80 ( % 4500 Hz and 4000 Hz, respectively), whereas in Sc 2 TiC 2 @I h -C 80 ,t he peak is noticeably broader (6000Hz). The broadening may be tentatively ascribed to the internal dynamics of the cluster (such as the motion of the C 2 unit).
Single-crystal X-ray diffraction
Crystals suitable for X-ray diffraction were grown by co-crystallization of Sc 2 TiC@I h (7)-C 80 with [Ni(OEP)];O EP is the dianion of octaethylporphyrin. The crystals of Sc 2 TiC@I h (7)-C 80 ·Ni(OEP)·2(C 7 H 8 )a re isostructuralt oc rystalso fL u 2 TiC@I h (7)-C 80 ·Ni(OEP)·2(C 7 H 8 ), which were previouslyc haracterized.
[28b]
The asymmetricu nit contains one endohedral fullerene,o ne porphyrin, and two molecules of toluene. The endohedral fullerene consists of an early planar Sc 2 TiCu nit inside an I h -C 80 cage, with the central C81 atom adopting a m 3 configuration ( Figure 5 ). The deviation of the C81 atom from the leastsquaresp lane of Ti1/Sc1/Sc2 is only 0.022(4) . The cage is ordered, whereas there is some disorder in the positioning of the Sc 2 TiCu nit. However,t he major site for the Sc 2 TiCu nit has an occupancy of 0.87. For this major site, the distances to the central carbidea re:T i1ÀC81 1.917(4), Sc1ÀC81 2.102(4), and Sc2À C81, 2.104(4) . The trimetallic carbidei st ipped in such aw ay that the Ti is the metal atom closest to the porphyrin ( Figure 5 ). The shortest distance between the nearest cage carbon atom and the Ni atom is 2.834(4) , compared to 2.871(5) o bserved in the Lu 2 TiCc luster structure.
Inside the I h (7)-C 80 cage, the Sc 2 TiCc luster is slightly shifted away from the central cage position by 0.21 i nt he direction of Ti,i nk eeping with the shorter contacts between Ti···C(cage) relative to Sc···C(cage).I na ddition, each metal is closestt o a6 :6:5 junction where the carbon is highly pyramidalized at the C3 (13.68), C58 (12.58), and C67 (13.18)a toms as shown in Figures 6a nd 7, which showt he pyramidalization of the individual carbon atoms in the cage. For comparison, the average pyramidalization angle for an I h -C 80 endohedral is 10.18.Asimilar increasei nt he pyramidalization of carbon atoms near the www.chemeurj.org internal metal ions hasb een observed for af unctionalized version of Sc 3 N@C 80 . [33] Those carbon atoms showingu nusually small POAV (p-orbital vector analysis) angleso f8 .29-8.958 are one or two bonds away from the C3, C58, and C67 atoms and their flattening compensates for the high pyramidalization of the C3, C58, andC 67 atoms as shown in Figure 7 . In the present case, all three metalsa re evidently deforming the geometry at these points. In the case of Lu 2 TiC@I h -C 80 ·Ni(OEP)·2(C 7 H 8 ), only the Ti atom had such alarge effect (13.78). In sum, the positioning of the Sc 2 TiCu nit within the I h -C 80 cage resembles, but is not identical, to that of Lu 2 TiC. The Ti=Cb ond in the Sc 2 TiCc lusteri s0 .043 l ongert han in the Lu 2 TiCc luster (1.874(6) ) but still remains in the bond length range typical for Ti=Cdoublebonds.
DFT calculations of the clusterg eometry
In the absence of single-crystal X-ray diffraction data for Sc 2 TiC 2 @I h -C 80 ,i ts molecular structure was studied computationally at the PBE/TZ2P level of theory.O ptimization of multiple initial configurations showed that the structure of the Sc 2 TiC 2 cluster resembles Sc 3 C 2 in Sc 3 C 2 @C 80 . [34, 35] The Sc 2 TiC 2 unit adopts ab at ray structure with the three metal atoms forming at rianglew hereas the C 2 unit is tilted from the plane of the metal atoms. Twom etal atoms have a h 2 -coordination to the C 2 unit, whereas the third atom is bondedt oo nly one carbon atom in an acetylide fashion (h 1 -coordination). Due to the fast rearrangemento ft he C 2 unit, all Sc atoms in Sc 3 C 2 @C 80 are dynamically equivalent. In the Sc 2 TiC 2 case, such configuration of the cluster can be realized in two ways:i nt he lowestenergy structure, Ti shares a h ,s ee Figure S8 in the Supporting Information) with respect to the cage were found. We also located two different pathways between the two configurations, both with barriers of 80-90 kJ mol À1 .N ote that for the M 2 TiC 2 @I h -C 80 clusterfullerenes with larger metals( i.e.,Y ,L u), the lowest-energy configuration corresponds to the structure with the C 2 unit perpendicular to the plane of three metals (so that all metals are h 2 -coordinated to the acetylide). [28a] The structure of Lu 2 TiC 2 @C 80 with the C 2 unit tilted from the plane was found to be 9kJmol À1 less stable. For the Sc 2 TiC 2 @I h -C 80 ,t he cluster configuration with ap erpendicular C 2 unit is 45 kJ mol À1 less stable than the conformer with the tilted arrangement. Presumably,s uch variations of the structure traversing from Lu to Sc are caused by the increase of the metal atom size, which forces the cluster to adopt am ore compact shape.
To study the dynamic behavior of the Sc 2 TiC 2 cluster in Sc 2 TiC 2 @I h -C 80 ,B orn-Oppenheimer molecular dynamics simulations were performed at the PBE/DZVP level of theory.T wo stable configurations were chosen ass tartingp oints and the structures were then equilibrated at 300 Kd uring 5ps. The trajectories were followed for 50 ps with aN osØ-Hoover thermostat. Figure 8s hows the trajectories that were obtained. The two-line 13 CNMR spectrum of Sc 2 TiC 2 @I h -C 80 indicates that the cluster rotatesfreely on the NMR time scale (which is usually in the nanosecond range). The accessible time frame for our MD simulations is much shorter,a pproximately 50 ps. Over this period of time, the cluster cannot fully establish rotational motion,b ut larged isplacements of the Sc atoms parallel to the inner surfaceo ft he cage can be seen, especially in Figure 8c .I nterestingly,t he mobility of the Ti atoms is clearly much lower,a no bservation that may point to stronger metalcage bonding. Similar observations were found earlieri nt he MD studies of Sc 2 TiN@C 80 . [36] The internal dynamics of the clus- Figure 7 . POAVangles for the various carbon atoms in Sc 2 TiC@I h -C 80 .T he red squaresd enote carbon atomsa t6:6:6 ring intersections, whereas the black circles representcarbon atoms at 6:6:5i ntersections. The C3, C58, and C67 atoms are the carbon atomsc losest to the metal ions. Figure 8 . a,b) DFT-optimized molecular structures of two low-energyconfigurationsoft he Sc 2 TiC 2 @I h -C 80 clusterfullerenew ith h 2 -and h 1 -coordinationo f Ti (shown in a) and b), respectively). c,d) Born-Oppenheimer molecular dynamics trajectories of the two structures( PBE/DZVP, T = 300 K, propagation time > 50 ps). e,f) MD trajectories of the Sc 2 TiC 2 clusteri nb oth typesof structures obtaineda fter subtractiono ft he rotational and translational degrees of freedom of the cluster (the cage is not shown for clarity);inessence, e) and f) illustrate internal dynamics of the cluster. Color coding for all figures:m agenta = Sc, cyan = Ti,a nd dark gray = endohedralc arbon atoms. In c-f), the yellowl ines show bonds in the starting configurationo f the cluster (i.e.,before molecular dynamics).
ter are better seen when its externald egrees of freedom (rotations and translations) are subtracted. Such trajectories are shown in Figures 8e and f. Both cluster configurationsa re found to be dynamically stable (i.e.,s ubstantial changes of the cluster geometry are not observed over 50 ps). The most dynamic part of the cluster is the acetylide fragment, which is continuously changing its tilt angle with respectt ot he plane of the metal atoms. Note that similar motion of the C 2 unit was reported in the MD studies of Sc 3 C 2 @I h -C 80 . [37] The bondings ituation in Sc 2 TiC@C 80 and Sc 2 TiC 2 @C 80 was studied by applying Bader's quantum theory of atoms in molecules (QTAIM). [38] Ta ble2lists the atomic charges q and the delocalization indices d(A,B) (roughly equivalent to bond order between the atoms Aand B).
The chargea nd bond distribution in Sc 2 TiC@C 80 closely resembles that reported for Lu 2 TiC@I h -C 80 .
[28b] Ti and Sc have similar charges (+ 1.65 and + 1.71, respectively), whereas the central carbon atom bearsalarge negative charge( À1.75) similar to that in nitridec lusterfullerenes. The delocalization index d(Ti,C) of 1.43 is roughly two times larger than the d(Sc,C) indices, whichisi na ccord with the Ti=Cdouble bond.
The charges of the metal atoms in Sc 2 TiC 2 @I h -C 80 are similar to those in Sc 2 TiC@I h -C 80 .T he acetylide group bears an egative charge of À1.76, which is unevenly distributed between the m 3 -a nd m 2 -carbona toms (À1.13 and À0.63, respectively). The d(h 2 -Ti,C) indices are systematicallyl arger than the d(h 2 -Sc,C) values, andh ence the total metal-acetylide delocalization index, d(Ti,C 2 )o f1 .21 is noticeablyh igher than the d(Sc,C 2 ) value, that is, 0.76. Analysis of the charges and delocalization indices shows that the acetylideu nit in Sc 2 TiC 2 @I h -C 80 is similar to that of the single carbon atom in Sc 2 TiC@I h -C 80 .T he CÀC bond index in Sc 2 TiC 2 is 1.94, thus the formal chargea nd bond distribution in the C 2 unit can be described as (C=C) 4À .Q TAIM analysiso ft he [Sc 3 C 2 @I h -C 80 ]
À ion, whichi si sostructural and isoelectronic with Sc 2 TiC 2 @I h -C 80 ,g ives very similar values for the atomic charges and delocalization indices (Table 2) .
Electronicstructure and electrochemistry
The frontier molecular orbitals of Sc 2 TiC@I h -C 80 and Sc 2 TiC 2 @I h -C 80 are visualized in Figure 9 . The predominant localization of the LUMO on the Ti atom is characteristic for both of these clusterfullerenes. The HOMO of Sc 2 TiC@I h -C 80 is localized on the carbon cage and resembles the HOMO of Sc 3 N@I h -C 80 ,w hereas the HOMO of Sc 2 TiC 2 @I h -C 80 is equally delocalized between the cluster and thec arbon cage. Comparison to lanthanide-based clusterfullereness hows that substitution by Sc does not affect the nature of the frontier MOs in M 2 TiC@I h -C 80 .F or M 2 TiC 2 @I h -C 80 ,t he difference betweenS ca nd lanthanides is more pronounced, especially for the HOMO, which has almostn oc age contribution in the lanthanide-based M 2 TiC 2 @I h -C 80 clusterfullerenes.
The cyclic voltammetry study shows that the first reduction and oxidation of Sc 2 TiC@I h -C 80 are electrochemically reversible (Figure 10 a) , whereas increasing the potential window to include the second and third reduction steps also affects the reversibility of the first reduction (observe new re-oxidation peak at À0.34 V). The first reduction potentials of both Sc 2 TiC@I h -C 80 and Sc 2 TiC 2 @I h -C 80 (À0.67 and À0.76 V, respectively,T able 3) are substantially more positive than that of Sc 3 N@I h -C 80 (À1.14 V) and can be ascribed to the endohedral Ti IV /Ti III redox couple. The oxidation potentialo fS c 2 TiC@I h -C 80 is virtually equal to that of the nitridec lusterfullerene, whichi si na ccord with almosti dentical HOMOs in both molecules. The first oxidation potentialo ft he Sc 2 TiC 2 @I h -C 80 is shifted in the cathodic direction due to the clusterc ontribution to the HOMO, but the shift is not dramatic, which is consistentw ith the distribution of the HOMO between the clusterand the cage.
Comparison of the first reduction potential of Sc 2 TiC@I h -C 80 with that of other Ti-based clusterfullerenes reveals substantial variability of the endohedral Ti IV /Ti III redoxc ouple (Table 3 ). The variationo ft he redox potentiali nt he M 2 TiC@I h -C 80 series, from À0.67 Vi nS c 2 TiC@I h -C 80 to À1.04 Vi nG d 2 TiC@I h -C 80 (Table 3) is especially striking. Figure 11 shows that al inear correlation exists between the reduction potential of M 2 TiC@I h -C 80 and the ionic radius of the metal, R(M 3 + ). Such as trong variation of the Ti-based reduction on the second metal, which is not involved in the LUMO, suggestst hat the energetics of the reduction is controlled by geometricf actors. Earlier,w eobserved as imilar phenomenon for the endohedralC e IV /Ce III redox couple in CeM 2 N@I h -C 80 (M = Sc, Lu, Y) and in other Ce-containing nitride clusterfullerenes. [39] In these EMFs, the first oxidation step is usually described as an oxidation of the trivalent Ce. Because the ionic radius of Ce IV is smallert han that of Ce III ,o xidation of Ce III results in ad ecrease of the size of the endohedralc luster.
For am etal with al arge ionic radius, such as Y, the clusteri n CeM 2 N@C 80 is highly strained due to the limited room inside the cage, and the oxidation of Ce releases the strain.T he variation of the oxidation potentiali nt he CeM 2 N@I h -C 80 series is therefore ascribed to the alterationo ft he strain energy of the nitride cluster. Similar arguments apply here for the M 2 TiC@I h -C 80 family.T he ionic radius of Ti is increased on going from Ti IV (0.605 ) to Ti III (0.67 ), and therefore, the size of the M 2 TiC cluster is increased in the anion (we use Shannon ionic radii throughout this discussion [40] ). When the size of the cluster is relativelys mall, as in Sc 2 TiC@I h -C 80 ,t he increase of the cluster size does not result in ac onsiderable increaseo ft he strain energy (DE stain is relativelys mall). On the contrary,i nG d 2 TiC@I h -C 80 the size of the clusteri sr ather large resulting in an on-negligible steric strain. Af urther increase of the clusters ize upon reduction is, therefore, not thermodynamically favorable (DE stain is large) and requires additional energy input (e.g.,m ore negative potential) to overcome the strain.T hus, the variation of the potentialo ft he internal Ti IV /Ti III redox couple can serve as am easureo ft he strain energy in the M 2 TiC@I h -C 80 clusterfullerenes. The increment of the linear correlation in Figure1 1i s À1.93 V
À1
,w hich can be interpreted as an increase of the strain energyb y1 9kJmol
À1 with an increaseo ft he ionic radius by 0.1 . Although the inner strain in EMFs is an intuitively clear concept, it is not straightforward to give anumerical estimation of the strain energy,e specially within experimental studies. Implantation of redox-active transition metals that change their sizes upon reduction or oxidation into the endohedral clustert hus provides ar areo pportunity to address the strain problemi nE MFse xperimentally.I nasimilarf ashion,t he variation of the redox potential of transition metals has been used to analyze the ligand strain in organometallicc omplexes of Fe, Co, or Cu. [41] This line of argument can be used for other types of Tibased clusterfullerenes. Thus, the reduction potentialso f Sc 2 TiC 2 @I h -C 80 and Dy 2 TiC 2 @I h -C 80 are shifted negatively versus Sc 2 TiC@I h -C 80 and Dy 2 TiC@I h -C 80 ,a nd the shift is larger for [28b] They serve as potential models for the series of EMFs with odd numbers of carbon atoms such as Y 3 C 107 to Y 3 C 125 and Lu 3 C 107 to Lu 3 C 115 ,w hich have been discovered recently. [42] The presence of methane in the reactor atmosphere is crucial for the high selectivity of the synthesis of carbidec lusterfullerenes. In particular,i td ramatically reduces the yield of empty fullerenes. Interestingly,t his function of CH 4 is efficient in the presence of Sc (eitherS c/CH 4 or Sc-Ti/CH 4 systems), whereas Ti blockst he reactive atmosphere effect with the predominant formation of empty fullerenes in the Ti/CH 4 system. The presence of Ti also affects the distribution of Sc-carbide clusterfullerenes. The most striking effect is ad ramatic decrease of the yield of Sc 4 C 2 @C 80 ,t he most abundantly formed clusterfullerene in the Sc/CH 4 system. Finally, the distribution of empty fullerenes formed in theT i/CH 4 system is noticeably differentf rom that of standard empty fullerenesynthesis. Thus, Ti is actively involved in the fullerenef ormationi nt he arc discharge even when Ti EMFs are not formed.
Electrochemical and frontier orbitals tudies of Sc 2 TiC@I h -C 80 and Sc 2 TiC 2 @I h -C 80 revealed aT i-based reduction in both types of clusterfullerenes. Reduction potentials of endohedral Ti IV /Ti III redox couples showed dramatic variation with the size of the endohedralc lusters. In particular, the reduction potentiali n the M 2 TiC@I h -C 80 series scales linearly with the ionic radiuso f the electrochemically inert metals. This phenomenoni se xplained by consideration of the inner strain in clusterfullerenes emerging when the size of the clusteri sn on-commensurable with that of the carbon cage. The increase of the ionic radius of Ti upon reduction increases the strain energy and pushes the reduction potentials of the EMFs with larger (andh ence more strained) clusterst om ore negative values.
Experimental Section
Arc-discharge synthesis:T he arc-discharge synthesis was performed in as tatic 250 mbar helium atmosphere in the presence of as everal mbar of methane. Graphite rods were drill-holed and packed with amixture of Sc/graphite, Ti/graphite, or Sc-Ti/graphite powder (Sc and Ti were used as metals, the molar ratio in the mixed-metal system was 1:1); 13 Ce nrichment ( % 5%)w as achieved by adding amorphous 13 Cp owder.A ccording to our recent study of Sc 3 CH@C 80 , 13 Cenrichment through carbon powder gives acomparable 13 Cc ontent for the cage and endohedral carbon atoms.
[7b]
Note that reducing the amount of residual nitrogen in the generator is crucial for the successful synthesis because nitride clusterfullerenes are readily formed in the presence of nitrogen.
Spectroscopic measurements:M ALDI mass spectra were measured with aB ruker autoflex mass spectrometer by using sulfur as am atrix. NMR measurements were performed on aB ruker Avance 500 spectrometer equipped with the multiprobe head 1152Z. .T he crystal was mounted in the 100 Kc old nitrogen stream provided by an Oxford Cryostream low-temperature apparatus on the goniometer head of aB ruker D8 diffractometer equipped with aB ruker Photon 100 CMOS detector.D ata were collected with the use of synchrotron radiation (l = 0.7749 ) at the Beamline 11.3.1 at the Advanced Light Source, Lawrence Berkeley Laboratory.T he structure was solved by ad ual space method, (SHELXT) [43] and refined by full-matrix least-squares on F 2 (SHELXL-2014). [44] The structure is ap seudo-merohedral twin with twin law (0 À10À10000À1) and refined twin parameter of 0.2410(9). The Sc 2 TiCc luster is disordered over three orientations. There is only one position for the central carbide carbon atom. The three clusters are comprised of Ti1/Sc1/Sc2, Ti2/Sc3/Sc4, and Ti3/Sc1/Sc5 with relative occupancies of 0.87:0.05:0.08. The atoms of the minor orientations were refined with isotropic thermal parameters. All other non-hydrogen atoms were refined with anisotropic displacement parameters. One of the two toluene molecules is disordered over two orientations with relative occupancies of 0.88:0.12. The minor component of this second toluene site was restrained to have the same geometry as the major component. CCDC 1472263 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre. Computational studies:D ensity functional theory computations were carried out within the generalized gradient approximation (GGA) PBE [45] for the exchange-correlation term and the original TZ2P-quality basis set as implemented in the PRIRODA package.
[46]
Wavefunctions for QTAIM analysis were obtained in single-pointenergy calculations at the PBE/def2-TZVP level with full-electron basis sets and scalar-relativistic DKH correction as implemented in the Orca suite.
[47] QTAIM analysis was performed with the AIMAll code. [48] Born-Oppenheimer molecular dynamics (MD) calculations performed in the CP2K code [49] and employed the velocity Verlet algorithm with at ime step of 0.5 fs and the NosØ-Hoover thermostat set at 300 K. Before ap roduction run, the systems were first thermostated for 5ps. MD calculations were performed with the PBE functional and employed Gaussian and plane wave GPW scheme with Goedecker-Teter-Hutter pseudopotentials and DZVP basis set.
[49a, 50] Molecular structures, orbitals, and MD trajectories were visualized by using the VMD package. [51] 
